Introduction Nintedanib slows disease progression in patients with idiopathic pulmonary fibrosis (IPF) by reducing the rate of decline in forced vital capacity, with an adverse event profile that is manageable for most patients. We used data from six clinical trials to characterise the safety and tolerability profile of nintedanib and to investigate its effects on survival. Methods Data from patients treated with ≥1 dose of nintedanib 150 mg two times per day or placebo in the 52-week TOMORROW trial and/or its open-label extension; the two 52-week INPULSIS trials and/or their open-label extension, INPULSIS-ON; and a Phase IIIb trial with a placebo-controlled period of ≥6 months followed by open-label nintedanib were pooled. All adverse events, irrespective of causality, were included in descriptive analyses. Parametric survival distributions were fit to pooled Kaplan-Meier survival data from the trials and extrapolated to estimate long-term survival. results There were 1126 patients in the pooled nintedanib group and 565 patients in the pooled placebo group. The mean duration of nintedanib treatment was 28 months. No new safety signals were observed. Incidence rates of bleeding, liver enzyme elevations and cardiovascular events were consistent with those observed in the INPULSIS trials. Diarrhoea was reported at a lower event rate in the pooled nintedanib group than in nintedanib-treated patients in the INPULSIS trials (76.5 vs 112.6 events per 100 patient exposure-years) and infrequently led to permanent treatment discontinuation (3.6 events per 100 patient exposure-years). Based on the Weibull distribution, mean (95% CI) survival was estimated as 11.6 (9.6, 14.1) years in nintedanib-treated patients and 3.7 (2.5, 5.4) years in placebo-treated patients. conclusions Based on pooled data from six clinical trials, the adverse event profile of nintedanib was manageable for most patients. Exploratory analyses based on extrapolation of survival data suggest that nintedanib extends life expectancy in patients with IPF.
IntroductIon
Idiopathic pulmonary fibrosis (IPF) is an interstitial lung disease associated with progressive loss of lung function, worsening dyspnoea and substantial impairment in quality of life.
1 2 IPF has a variable clinical course but a poor prognosis. In patients not receiving antifibrotic therapies, median survival following diagnosis of IPF is approximately 3-5 years. [3] [4] [5] [6] Nintedanib, an intracellular inhibitor of tyrosine kinases, is an approved treatment for IPF. The efficacy, safety and tolerability of nintedanib 150 mg two times per day in patients with IPF and mild or moderate impairment in lung function have been assessed in several international clinical trials: the Phase II TOMORROW trial 7 and its openlabel extension 8 ; the two replicate Phase III INPULSIS trials 9 and their open-label extension INPULSIS-ON 10 ; and an exploratory Phase IIIb trial. 11 The results of these trials demonstrated that nintedanib reduces disease progression by slowing the rate of decline in forced vital capacity (FVC), with a side effect profile characterised mainly by gastrointestinal adverse events. Although no individual trial of nintedanib in patients with IPF has been powered to show a reduction in Open access mortality versus placebo, an analysis of pooled data from the TOMORROW and INPULSIS trials suggested that nintedanib was associated with a 30% reduction in the risk of mortality compared with placebo over 52 weeks of treatment (HR 0.70 [95% CI 0.46 to 1.08]; p=0.095). 12 We used data from the six international Phase II/III trials of nintedanib conducted in patients with IPF and mild or moderate impairment in lung function [7] [8] [9] [10] [11] to extend the characterisation of the safety and tolerability profile of nintedanib and to investigate its effects on survival in patients with IPF.
Methods study design
The TOMORROW trial (NCT00514683) began with a 52-week period in which patients with IPF, FVC≥50% predicted and diffusing capacity of the lung for carbon monoxide (DLco) 30%-79% predicted were randomised to receive placebo or one of four doses of nintedanib (50 mg once daily, 50 mg two times per day, 100 mg two times per day, 150 mg two times per day). 7 Patients who completed 52 weeks' treatment in this period (period 1) continued treatment in a blinded phase (period 2), until the last patient had completed 52 weeks' treatment in period 1. This was followed by an open-label extension period in which all patients received nintedanib (NCT01170065). 8 In each of the INPULSIS trials (NCT01335464 and NCT01335477), patients with IPF, FVC≥50% predicted and DLco 30%-79% predicted were randomised 3:2 to receive nintedanib 150 mg two times per day or placebo for 52 weeks. 9 Patients who completed the 52-week treatment period and a follow-up visit 4 weeks later were eligible to receive open-label nintedanib in INPULSIS-ON (NCT01619085). 10 In the Phase IIIb trial (NCT01979952), patients with IPF, FVC≥50% predicted and DLco 30%-79% predicted were originally randomised to receive nintedanib 150 mg two times per day or placebo double-blind for 12 months, but this was amended to a placebo-controlled period of 6 months following regulatory approval of nintedanib in some participating countries. The double-blind period was ≥6 months for some patients due to the variable time required to implement the protocol amendment. 11 In all these trials, dose reductions from 150 to 100 mg two times per day and treatment interruptions were allowed to manage adverse events. No dose re-escalations were permitted in the TOMORROW trial, but dose could be increased from 100 to 150 mg two times per day in the open-label extension of the TOMORROW trial, and in the other trials described above. In all these trials, specific recommendations were provided to the investigators for the management of adverse events of diarrhoea and hepatic enzyme elevations. Patients at an increased risk of bleeding (ie, with a genetic predisposition to bleeding, or requiring fibrinolysis, full-dose therapeutic anticoagulation, or high-dose antiplatelet therapy) were not eligible to participate in these trials. Patients with a recent history of thrombotic events, including stroke and transient ischaemic attacks (previous year), myocardial infarction (MI; previous 6 months) and unstable angina (previous month), were excluded from the randomised placebo-controlled trials. Patients who developed new major thromboembolic events after completion of the INPULSIS trials were excluded from INPULSIS-ON.
For the purposes of this analysis, patients treated with ≥1 dose of nintedanib 150 mg two times per day in the trials described above were pooled to form a pooled nintedanib group. Patients who were randomised to placebo or nintedanib 50 mg once a day, 50 mg two times per day, or 100 mg two times per day in the double-blind phase of the TOMORROW trial were not included in the pooled nintedanib population, even if they 
Patient and public involvement
Patients were not involved in the design, recruitment to or conduct of the studies included in this analysis.
safety and tolerability All adverse events reported by investigators, irrespective of causality, were included in this analysis. Adverse events were coded according to preferred terms in the Medical Dictionary for Regulatory Activities (MedDRA) version 19.1. Safety data from INPULSIS-ON and the Phase IIIb trial were based on a snapshot conducted on 15 April 2017. The other trials had been completed by this date, but the MedDRA coding was updated to obtain consistent coding within the pooled population. Based on the mechanism of action of nintedanib, bleeding, major adverse cardiovascular events (MACE), MI and hepatic enzyme elevations were considered of particular interest. Bleeding was based on the standardised MedDRA query (SMQ) 'haemorrhage terms (excluding laboratory terms)'. MACE were based on fatal adverse events in the MedDRA system organ classes 'cardiac disorders' and 'vascular disorders'; fatal and non-fatal events in the subordinate SMQ 'myocardial infarction'; stroke based on selected preferred terms from the subordinate SMQs 'haemorrhagic cerebrovascular conditions' and 'ischaemic cerebrovascular conditions'; and the MedDRA preferred terms 'sudden death', 'cardiac death' and 'sudden cardiac death'. MI was based on the subordinate SMQ 'myocardial infarction (narrow definition)'. Hepatic enzyme elevations were based on a list of MedDRA preferred terms.
Event rates per 100 patient exposure-years were calculated based on adverse events with onset after the first dose and up to 28 days (or 14 days in the TOMORROW Open access trial) after the last dose of study drug. Analyses were descriptive.
survival Survival data from INPULSIS-ON and the Phase IIIb trial were based on a snapshot conducted on 15 April 2017. The other trials had been completed by this date. Weibull 13 and exponential 14 parametric survival distributions were fit to pooled Kaplan-Meier survival data for patients treated with nintedanib 150 mg two times per day and placebo and extrapolated to estimate life expectancy over the long term. The extent to which these statistical models fit the data was estimated using Akaike's information criterion. The estimated survival of patients treated with nintedanib and placebo was calculated from the area under the curve. Survival time was estimated from randomisation in the double-blind placebo-controlled trials and from the first intake of nintedanib if started in the open-label trials.
results Patients A total of 1126 patients treated with nintedanib 150 mg two times per day and 565 patients treated with placebo comprised the pooled populations (figure 1). Baseline characteristics were generally similar between the nintedanib and placebo groups (table 1). In the pooled nintedanib population, the majority of patients were male (78.3%) and white (61.7%); at baseline, mean (SD) age was 66.9 (8.1) years, FVC was 78.7 (18.4)% predicted and DLco was 48.2 (13.5)% predicted. Mean (SD) exposure to placebo in the pooled population was 10.4 (3.1) months. The median exposure to placebo was 11.9 months and the maximum was 13.1 months.
Adverse events
Diarrhoea was the most frequent adverse event in patients treated with nintedanib. In the pooled nintedanib population, the event rate of diarrhoea was 76.5 events per 100 patient exposure-years, which was lower than that reported in nintedanib-treated patients in the INPULSIS trials (112.6 events per 100 patient exposure-years) but higher than that in the pooled placebo population (25.6 events per 100 patient exposure-years) (table 2). The event rate of hepatic enzyme elevation was 12.1 events per 100 patient exposure-years in the pooled nintedanib population compared with 3.4 events per 100 patient exposure-years in placebo-treated patients in the INPULSIS trials (table 3) . The event rate of bleeding was 9.3 events per 100 patient exposure-years in the pooled nintedanib population compared with 10.2 events per 100 patient exposure-years in placebo-treated patients in the INPULSIS trials (table 3) . The most common bleeding events in the pooled nintedanib population were epistaxis (3.1 events per 100 patient exposure-years) and haemoptysis (1.3 events per 100 patient exposure-years). The event rates for MACE and MI in the pooled nintedanib population were 3.7 and 1.1 events per 100 patient exposure-years, compared with 2.7 and 0.5 events per 100 patient exposure-years, respectively, in placebo-treated patients in the INPULSIS trials (table 3) . The event rates of adverse events that led to permanent dose reduction or permanent treatment discontinuation in the pooled nintedanib population were generally lower than those reported in nintedanib-treated patients in the INPULSIS trials (online supplementary tables S3 and S4). In the pooled nintedanib population, the event rate of adverse events that led to permanent dose reduction was 12.8 events per 100 patient exposure-years. Diarrhoea was the most frequent adverse event that led to permanent dose reduction of nintedanib (at a rate of 7.4 events per 100 patient exposure-years). The event rate of adverse events that led to permanent discontinuation of nintedanib was 23.8 events per 100 patient exposure-years. The event rate of diarrhoea that led to permanent discontinuation of nintedanib was 3.6 events per 100 patient exposure-years.
The event rate of serious adverse events in the pooled nintedanib population was 64.6 events per 100 patient exposure-years (online supplementary table S5). Progression of IPF, which included disease worsening and acute exacerbations, was the most frequent serious adverse event reported in the pooled nintedanib population. This was reported at a lower rate than in placebo-treated patients in the INPULSIS trials (8.4 vs 11.4 events per 100 patient exposure-years).
survival The numbers of deaths in the individual trials are shown in the online supplementary tables S6 and S7. Based on the Weibull distribution, mean (95% CI) survival was estimated as 11.6 (9.6, 14.1) years in nintedanib-treated patients and 3.7 (2.5, 5.4) years in placebo-treated patients (figure 2A). Median survival was estimated as 8.5 years and 3.3 years in these groups, respectively. Based on the exponential distribution, mean (95% CI) survival was estimated as 13.1 (11.6, 14.9) years in nintedanib-treated patients and 10.1 (7.8, 13.0) years in placebo-treated patients (figure 2B). Median survival was estimated as 9.1 years and 7.0 years in these groups, respectively. Model fit based on Akaike's information criterion was superior (lower) for the Weibull model compared with the exponential model in placebo-treated patients (428 vs 440) but not in nintedanib-treated patients (1593 for both models).
dIscussIon
We conducted a comprehensive analysis of the safety and tolerability of nintedanib using pooled data from six clinical trials conducted in patients with IPF and mild or moderate impairment in lung function. Based on data from 1126 patients followed up for a mean of 28 months and a maximum of 93 months, nintedanib had a safety and tolerability profile that was manageable for most patients, with adverse events that were mainly gastrointestinal in nature. As expected, the most frequently reported adverse event was diarrhoea, which was reported at an Open access event rate of 76.5 events per 100 patient exposure-years but led to permanent treatment discontinuation at a much lower rate (3.6 events per 100 patient exposure-years). Diarrhoea is a well-known side effect of tyrosine kinase inhibitors but the precise mechanism/s that cause it are unclear. 15 It is recommended that patients who experience diarrhoea while taking nintedanib should ensure adequate hydration and take antidiarrheal medicine (eg, loperamide) straight away. 16 17 If diarrhoea persists, dose adjustment is recommended, and indeed in our analysis, diarrhoea was the most common reason for permanent dose reduction of nintedanib. Dose adjustment is also recommended to treat nausea and vomiting. 16 Importantly, data from the INPULSIS trials showed that the rate of decline in FVC was similar in patients treated with nintedanib irrespective of whether they had dose reductions and/or treatment interruptions to manage adverse events. 18 Elevations in hepatic enzymes (alanine aminotransferase and aspartate aminotransferase) and bilirubin occur in a small proportion of patients treated with nintedanib and cases of drug-induced liver injury have been reported. 16 It is recommended that hepatic enzymes be monitored prior to the initiation of nintedanib, at regular intervals during the first 3 months of treatment, and periodically thereafter. 16 In the pooled nintedanib population, hepatic enzyme elevations (based on a list of MedDRA preferred terms) occurred at a rate of 12.1 events per 100 patient exposure-years, compared with 3.4 events per 100 patient exposure-years in placebo-treated patients in the INPULSIS trials. None of the nintedanib-treated patients with hepatic enzyme elevations developed liver failure and there were no liver-related deaths.
Like other inhibitors of the vascular endothelial growth factor receptor 19 nintedanib has been associated with an increased risk of bleeding. 20 The event rate of bleeding observed in the pooled population of nintedanib-treated patients was no higher than that observed in placebo-treated patients in the INPULSIS trials (9.3 vs 10.2 events per 100 patient exposure-years, respectively). The lower event rate of bleeding in the pooled nintedanib population compared with nintedanib-treated patients in the INPULSIS trials suggests that the risk of bleeding events does not increase with more prolonged treatment. However, it should be noted that patients at known risk of bleeding, including those treated with full-dose anticoagulants or high-dose antiplatelet therapy, were excluded from these trials. It is recommended that nintedanib be used in patients with known risk of bleeding only if the anticipated benefit outweighs the potential risk. 16 Event rates of MACE and MI in the pooled nintedanib population were low and consistent with those observed in nintedanib-treated patients in the INPULSIS trials. 9 In postmarketing surveillance data collected in the USA in the year following the launch of nintedanib as a treatment for IPF, the incidence rates of MACE and MI were lower than those in nintedanib-treated patients in the INPULSIS trials 21 ; further, the incidence of MI was lower than that observed in an analysis of insurance claims data from 9286 US patients with IPF. 22 These data are reassuring with regard to the cardiovascular safety profile of nintedanib.
Modelling and extrapolation of survival data from the clinical trials included in this pooled analysis suggest that nintedanib extends life expectancy in patients with IPF. Median survival based on the better fitting statistical model (Weibull) was extended by approximately 5 years in patients treated with nintedanib compared with placebo. Clearly such extrapolations have limitations and should be interpreted with caution, but these data add to the growing body of evidence suggesting that antifibrotic therapies are associated with improved survival in patients with IPF. 6 12 23-26 Strengths of these analyses include the use of a large and well-characterised cohort of patients participating in prospectively designed clinical trials and a maximum treatment duration of over 7 years. Limitations include the exclusion of patients who had severe impairment in lung function, had certain comorbidities, or who were using full-dose anticoagulants from these trials, and selection bias in the patients who entered the open-label extension trials, in that these patients were likely to have milder disease and to be better able to tolerate nintedanib than those who discontinued during the parent trial.
In conclusion, in 1126 patients with IPF treated with nintedanib for a mean duration of 28 months, adverse events were manageable for most patients. The adverse event profile of nintedanib in the pooled population was consistent with that observed in the INPULSIS trials, with no new safety signals observed. Exploratory analyses based on extrapolation of survival data suggested that patients with IPF who are treated with nintedanib have longer life expectancy than those who do not receive treatment.
